. Although 1000 seems a large number, it probably represents a minor part of a larger process (2, 3) . Myers (2) estimated that, of the 5 to 10 million living biological species, as many as 1 million probably will become extinct by the turn of the century. At the present accelerating rate of extinction, this translates to losing one species every hour. Many large mammals already have become extinct in the wild and survive today only under managed breeding programs in zoological parks and wildlife preserves (4) . The (2) .
There are 37 species in the cat family (Felidae), and all except the domestic cat are considered threatened or endangered (1) . The cheetah (Acinonyx jubatus) is the single surviving species of the genus Acinonyx and is considered by most taxonomists to be markedly divergent in both anatomy and behavior from the other genera in the Felidae (5-7). Cheetahs, the world's swiftest sprinters, have a number of cursorial adaptations that make high-speed pursuit (up to 112 km/hour) possible (5) : long, slender legs; enlarged respiratory, cardiovascular, and adrenal capacities; specialized muscles for high acceleration; and semiretractile claws (5, 6) . Because of its swift and elusive character, demographic estimates of wild cheetahs vary considerably (from 1,500 to 25,000 animals) (8) (9) (10) (11) . Most animals are restricted to two remaining wild populations in southern and eastern Africa, where the population density is less than one animal per 6 km2 (9). This low density can be partially explained by the cheetah's solitary nature, for, unlike the lion, the cheetah usually avoids family groups (8, 11) . In addition, cheetah cubs appear to suffer severe mortality (estimated at as high as 70 percent) due to disease susceptibility, maternal neglect, and insufficient defense against predators (12) .
In 1971 the National Zoological Gardens of South Africa initiated a comprehensive program for the propagation of cheetahs in captivity (13) . In 1981 40 semen samples from 18 cheetahs were collected, examined, and compared to the semen of domestic cats (14) . Spermatozoal concentrations in ejaculates were ten times less in cheetahs than in domes-tic cats, and an average of 71 percent of all cheetah spermatozoa were morphologically abnormal, compared to 29 percent in cats. Comparable abnormalities were observed in semen collected from cheetahs in zoos in the United States. In a parallel study in which over 200 isozyme and cellular protein loci of 55 South African cheetahs were analyzed, the population was found to contain 10 to 100 times less genetic variation than other mammalian species (15) . Both the genetic and reproductive data cast the cheetah in a status reminiscent of highly inbred mice or livestock and prompted us to hypothesize that the species experienced a severe population bottleneck in its recent evolutionary history (15) . The possible consequences of such genetic uniformity would include high species vulnerability because such circumstances not only allow expression of deleterious recessive alleles but also limit adaptiveness to perturbations of the ecological niche. The studies presented here confirm and extend the reproductive and genetic status of the species and illustrate its vulnerability to at least one ecological challenge, a feline coronavirus.
High Juvenile Mortality (17) have described, inbred offspring of zoo species in general have consistently greater juvenile mortality than their noninbred zoo counterparts; (ii) cheetah mortality from noninbred matings occurs at the high end of the distribution, with only two species (reindeer and dik-dik) having higher noninbred mortality; and (iii) there is no significant difference between infant mortalities from inbred and noninbred matings of cheetahs, which is not surprising in light of the genetic status of the species (15) . If the cheetah is as monomorphic for those loci that contribute to congenital defects or lethality as it is for biochemical loci, then inbreeding would probably not lead to the expression of any more deleterious recessive alleles than would be observed in genetically variable outbred populations.
Summary. A population genetic survey of over 200 structural loci previously revealed that the South African cheetah (Acinonyx jubatus jubatus) has an extreme paucity of genetic variability, probably as a consequence of a severe population bottleneck in its recent past. The genetic monomorphism of the species is here extended to the major histocompatibility complex, since 14 reciprocal skin grafts between unrelated cheetahs were accepted. The apparent consequences of such genetic uniformity to the species include (i) great difficulty in captive breeding, (ii) a high degree of juvenile mortality in captivity and in the wild, and (iii) a high frequency of spermatozoal abnormalities in ejaculates. The species vulnerability of the cheetah was demonstrated by an epizootic of coronavirus-associated feline infectious peritonitis in an Oregon breeding colony in 1983. Exposure and spread of the coronavirus, which has a very low morbidity in domestic cats (approximately 1 percent), has decimated a heretofore productive and healthy captive population. The extreme genetic monomorphism, especially at the major histocompatibility complex, and the apparent hypersensitivity of the cheetah to a viral pathogen may be related, and provide a biological basis for understanding the adaptive significance of abundant genetic variation in outbred mammalian species.
Captive breeding of cheetahs has been notoriously difficult (13, 16) , resulting in only a limited number of successful captive propagation programs. To our knowledge, the first documented birth of cheetah cubs in captivity did not occur until 1956 at the Philadelphia Zoo (16) . Since 1970 the proportion of wild-caught cheetahs that have been successfully bred has been only 10 to 15 percent. For the litters that were produced in captivity we determined the incidence of juvenile mortality (including stillbirths, premature births, and deaths of cubs surviving less than 6 months). This statistic was selected because it closely reflects the damaging effects of inbreeding in exotic mammalian species (17) . Table 1 presents the results of a fecundity and pedigree record survey of 40 breeding facilities that have successfully produced cheetah cubs. In all, 519 offspring were recorded; the frequency of infant mortality was 29.1 percent, a value comparatively greater than that for most exotic animal species.
Cheetah infant mortality was compared to that of 28 other mammalian species bred in captivity ( Fig. 1 
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In the past 15 years approximately 250 species have been examined for the extent and character of biochemical genetic variation in natural populations (18) . Electrophoretic analysis of isozyme and soluble protein variation has revealed abundant genetic variation, with frequencies of polymorphic loci ranging from 0.15 to 0.60 and average heterozygosity estimates from 0.0 to 0.26. In an earlier study of 55 cheetahs from two separate South African populations (15), we found a total absence of genetic polymorphism in 47 allozyme (allelic isozyme) loci and a low frequency of polymorphism of proteins (polymorphic loci, 3.2 percent; heterozygosity, 0.013) by two-dimensional gel electrophoresis. The allozyme survey of the cheetah population has been extended here to include carbonic anhydrase-2, catalase, phosphoglyceromutase, pyruvate kinase, and transferrin (19) . All five of these new loci were monomorphic in the sampled cheetahs, including transferrin ( Fig. 2) , a protein with a high degree of polymorphism in domestic cats, man, and several other mammalian species (18, 20) . Monomorphism for transferrin in the cheetah extends to 19, the number of "polymorphic cluster loci" (those that tend to be polymorphic in mammals) that are nonetheless monomorphic in the cheetah (15, 21) .
It was possible that the cheetah's low genetic variation is characteristic of wild species of felids and that the cheetah is only one of several highly monomorphic species. This possibility prompted an examination of genetic variation in other species of the Felidae. A survey of seven cat species was undertaken in which the same 50 allozyme loci that had been examined in the cheetahs were sampled. The species included the leopard, lion, serval, and caracal, which overlap the cheetah's range in Africa. The results are summarized in Table 2 (22) . All species showed moderate to high levels of genetic variation, further emphasizing the absence of genetic variability in the cheetah.
Isogenicity of the Cheetah at Its Major Histocompatibility Complex
The most polymorphic locus in vetebrates is the major histocompatibility complex (MHC), designated HLA in man, H-2 in the mouse, DLA in the dog, and so forth (23) . The MHC, ubiquitous among vertebrates, encodes a group of cell surface antigens responsible for 22 MARCH 1985 strong cell-mediated rejection of allogeneic tissue grafts (23, 24) . The MHC has been the object of intensive molecular and immunological study in recent years and has been shown to consist of a group of tightly linked loci encoding at least three classes of gene products: class I, serologically defined transplantation antigens expressed on the surface of most types of mammalian cells; class II, cell surface proteins (I region-associated antigens) found on B and some T lymphocytes, which participate in the induction of antibody production; and class III, several components of the complement system (24, 25) . The MHC system in all species studied to date encodes multiple alleles for class I phenotypes as defined by graft rejection and cytotoxicity reactions with allogeneic antisera. In human populations the variation is so great at the HLA locus that the most common haplotype (combination of alleles of the subloci linked on a single chromosome) has a frequency of less than 1 percent, so that occurrence of the most common phenotype is 10-4 (23 (27) . Rejections at this time occur suddenly, progress rapidly, and are accompanied by the production of cytotoxic alloantisera against donor lymphocytes. Occasionally, and often when grafts are exchanged between related individuals, slower progression and usually much later rejections are observed in these species. Rapid rejections are interpreted as resulting from a difference at the MHC locus, while slow rejections are the result of allelic differences at one or more "minor histocompatibility loci" in the face of identity at the MHC (23, 25, 27 Table 3 and illustrated in Fig. 4 Since all the allografts were apparently accepted through the rapid rejection stage, the possibility existed that cheetahs were immunologically incapable of rejecting an allograft. To control for this alternative, skin from a domestic cat also was grafted to two of the Oregon cheetahs, Tamu and Kali (Fig. 4) . These xenografts were rapidly rejected (after 10 to 14 days) by both animals, while the autografts and allografts survived and were apparently accepted (Table 3) . Sur- (29) . In domestic cats the fatal form is rare (approximately 1 percent of cats), and it seldom affects more than 10 percent of the cats in a group under the worst conditions (29) . The effusive form appears to be immunologically mediated, since induction of effusive FIP in kittens is augmented by the presence of humoral antibodies (29 Table 3 . Fate of reciprocal skin grafts in cheetahs. Grafting procedures previously developed for the domestic cat were used (23, 26, 27) . Each pair of cheetahs was immobilized with ketamine hydrochloride (7 mg/kg), intubated, and maintained on halothane gas anesthesia. Split-thickness skin pieces (16 cm2) were removed with a dermatome from a surgically prepared area of the lateral thorax of each animal. The pieces were cut in half under a sterile solution of phosphate-buffered saline. An autograft and an allograft were sutured back into the graft beds. Intramuscular antibiotics were administered and the surgical area was bandaged. Autografts on all cheetahs were accepted throughout. pression) and morbidity were apparent in over 90 percent of the cheetahs. Even with aggressive clinical therapy, 18 cheetahs died from one or more of the following coronavirus-associated diseases: FIP, renal disease, enteritis, hemorrhagic gastroenteritis, renal oxalosis, and FIP-associated kitten mortality complex (28, 31) . This is, to our knowledge, the most extreme response to an FIP virus infection reported to date in any feline species. For whatever reason, the Oregon cheetahs reacted to the virus in a homogeneously sensitive manner. One possible reason for the extreme susceptibility of the Oregon colony to the FIP epizootic is that the responsible coronavirus strain was an exceptionally virulent form that happened to be detected first in cheetahs. Certain aspects of this episode, however, tend to preclude this explanation. Attempts to transmit FIP by inoculation of peritoneal fluid or tissue homogenates from diseased cheetahs to three 10-week-old virus-negative kittens were unsuccessful, despite their development of antibody titers against feline coronavirus (28) . Furthermore, although ten African lions maintained at the Oregon compound were exposed to and developed antibodies against the coronavirus, the antibody titers were all low (never greater than 1: 400) compared to those of the cheetahs (often above 1:1600), and none of the lions developed symptoms of FIP. The lack of virulence of the virus in domestic cats and lions suggests that the virus epizootic is specific to the cheetahs.
Recipient
The high sensitivity of the Oregon colony might be a consequence of the lack of genetic variation. A wide variety of gene classes are normally variable in natural populations and could contribute to disease susceptibility (or resistance) (23) (24) (25) 32) . Most notable of these genes are the products of the MHC (24, 25, 33) . Class TT MHC genes were originally discovered because they varied with respect to ability of certain mouse strains to develop antibodies against synthetic and viral antigens. Class I gene products have been shown to play a key role in Tcell communication (by self-recognition) in mounting an immune response against infectious viruses (33) . For cytotoxic T cells to recognize and lyse virus-infected cells they must interact with viral antigens and the target cell's MHC product.
This "MHC restriction" is well known in several mammals and is probably its repertoire for flexibility against variant viruses and (ii) polymorphism would ensure species protection against an adaptation of viruses to abrogate a specific haplotype's function (33, 34) . The possibility that the FIP virus circumvented a specific MHC haplotype present in the entire cheetah colony is a consistent and appealing hypothesis that merits further investigation.
Conclusions
The extreme genetic monomorphism at isozyme and MHC loci in the cheetah is almost nonexistent in wild biological species (23) (24) (25) 35) . Such genetic uniformity might have resulted from a population bottleneck followed by inbreeding (15) 12. most important function (24, 33) . The extreme polymorphism in class I and class II loci has been interpreted as being an evolutionary adaptation, since (i) MHC variation would expand the T-cell bles that influence population genetic variation (15, 36) , but it certainly was not a result of captivity, since nearly all the animals in this study are no more than two generations removed from the wild (Fig. 3) (13, 16) . A possible approach to this question would be a genetic analysis of the East African cheetahs. Allelic differences between East and South African populations would be consistent with a recent bottleneck, while monomorphism and identity of the two isolated populations would be evidence for a more ancient contraction.
The occurrence of a devastating epizootic of FIP at a cheetah compound in Oregon revealed an extreme response to the coronavirus pathogen. A speculative but circumstantially consistent hypothesis is that this virus strain adapted to a particular MHC haplotype that was common among the afflicted cheetahs. This interpretation is based on a well-established proposition that the major function of the MHC locus is self-recognition in mounting immune defense against viruses and that the widespread polymorphism of the MHC reflects the species' protection against more rapid genomic adaptation of pathological viruses (33) . Whether the vulnerability of the cheetah is in fact the result of MHC monomorphism or the consequence of monomorphism by different types of loci that participate in viral susceptibility cannot be resolved at present. Nonetheless, the catastrophic sensitivity of this genetically uniform species does provide a graphic natural example of the protection afforded to biological species by genetic variability.
The future of the captive breeding programs and even of the species may appear bleak. Nonetheless, there are some hopeful considerations that bear on the management and survival of the cheetah. First, several inbred zoo species (including Pere David's deer and Speke's gazelle) that had experienced severe-population bottlenecks and inbreeding survived after effective breeding practices were instituted (4) . Second, at least one other endangered wild species, the northern elephant seal, which also experienced a bottleneck and was shown to have critically low genetic variation, has increased by thousands in the past decade off the California coast since the enactment of protective legislation (37) . Finally, the East African cheetah may provide a new source of genetic variation that can be introduced into breeding programs.
